Transesterification between triolein and stearic acid catalyzed by lipase in pressurized CO 2 at 50°C was classified into three regions according to the pressure. Below 5 MPa which was the non-solvent region, the reaction was limited in the liquid triolein phase and the reaction rate was very slow. In the near critical region, from 5 to 10 MPa, the reaction rate was maximal at 5.9 MPa because of the stabilization of the enzyme-substrate complex. In the supercritical region, above 10 MPa, the reaction rate increased with an increase in pressure reflecting the increase in solubility of substrate in supercritical CO 2
Introduction
Enzymatic catalysis in supercritical fluids (SCFs), particularly supercritical carbon dioxide (SCCO 2 ), has an interest because SCCO 2 is nontoxic, nonflamable, inexpensive solvent that does not present a waste-disposal problem. The main advantage of SCFs over other liquid solvents is that the high diffusivity, low viscosity, and low surface tension of SCF speed up mass transfer limited enzymatic reactions. In addition, SCFs offer an easy modification of the reaction conditions through changing both in temperature and pressure (Gunnlaugsdottir and Sivik., 1995; Eckert et al., 1996) .
The effects of pressure on enzyme-catalyzed reactions in SCCO 2 , however, is complicated and not still fully understood. The oxidation rate of cholesterol in a vapor-solid system where the CO 2 was saturated with cholesterol, was found to increase linearly with pressure over a range from 8 to 10 MPa (Randolph et al. 1988) . This was explained by the increase in cholesterol solubility as well as an increase in cholesterol aggregation (an important characteristic for reactivity) in this pressure range. Likewise, Steytler et al. (1992) reported an increase in the esterification rate of lauric acid with butanol catalyzed by Candida lipase B in a vapor-solid system in SCCO 2 when the pressure was increased stepwise from 15 to 50 MPa. The observed pressure effect was attributed to a higher adsorption of the synthesized ester to the enzyme at the lower pressures.
In contrast, Vermuë et al. (1992) found that the enzyme activity slightly decreased with increasing pressure in a vapor-solid system for lipase-catalyzed alcoholysis of ethylacetate with nonanol in SCCO 2 . They suggested that the higher solubility of ethylacetate in SCCO 2 at higher pressures resulted in desorption of this substrate from the catalyst thereby lowering the effective substrate concentration. Erickson et al. (1990) reported the effect of pressure in the lipase-catalyzed transesterification between trilaurin and palmitic acid showing a decrease in the reaction rate with an increase in pressure. At the near-critical pressure region, Ikushima et al. (1996) found that the rate of esterification between n-valeric acid and citronellol catalyzed by Candida cylindracea lipase at temperature of 35°C showed a sharp maximum at 7.55 MPa, near-critical point.
Thus the effect of pressure on the enzymatic reaction rate in SCCO 2 is not unified and complicated. In this paper, we investigated the effect of pressure on lipase catalyzed transesterification between triolein and stearic acid in the pressure range from 0.1 to 20 MPa at 50°C.
Materials and methods

Materials
Immobilized lipase (Lipozyme IM from Mucor miehei; 1,3-specific) with the enzyme adsorbed on a macroporous anion exchange resin was kindly donated by Novo Nordisk Korea. Stearic acid (SA) and triolein (OOO) as substrates of transesterification were purchased from Sigma. Acetonitlile, tetrahydrofuran, dichloromethane, and acetic acid of HPLC grade were supplied by Kanto Chemical.
Liquid CO 2 with purity of 99.99 % were from Suzuki Shokan.
Transesterification in pressurized carbon dioxide
The batch enzyme reaction was carried out in a high pressure reaction vessel (40 ml in volume) with a magnetic stirring bar inside, 5.65 mM of OOO, 22.6 mM of SA, and 0.045 g of Lipozyme IM with 4.57 % of water to the immobilized enzyme. The apparent concentrations of substrates introduced were much higher than the solubility limits. The solubilities of OOO and SA were 0.085 mM (Yoon et al., 1998) and 2.4 mM (Iwai et al., 1993) , respectively. Prior to starting the reaction, CO 2 gas was flushed through into the reactor which was preheated in a water bath at the reaction temperature (50°C). The transesterification was initiated by stirring in the reaction vessel with a magnetic bar and was terminated by cooling the vessel with a dryice-acetone mixture. After the sublimation of carbon dioxide, the reaction product mixture was extracted with 10 ml of diethylether and analyzed by HPLC. The HPLC system was composed of a pump (PU980, Nihon Bunko), an RI detector (Shodex SE-51, Showa Denko), and a column (Inerstil ODS 2 column, 4.6 ϫ 250 mm, GL Science). The eluent was acetonitrile / tetrahydrofuran / dichroromethane / acetic acid (ϭ70/20/20/0.9), and the flow rate was 0.9ml/min.
Calculation of transesterification rate
The enzymatic transesterification rate [mM·min
] between OOO and SA were calculated as follows:
where SO-, SOO and SOS are 1-stearoyl-2-oleoylglycerol, 1,2-dioleoyl-3-stearoylglycerol and 1,3-distearoyl-2-oleoylglycerol respectively.
Results and discussion
Firstly the lipase-catalyzed transesterification between OOO and SA was carried out at 15 MPa and 50°C. Fig. 1 shows the changes in the amount of fatty acids (A) and acylglycerols (B) in the reaction. OOO was consumed very rapidly suggesting the high affinity of OOO to the enzyme in spite of its low solubility in SCCO 2 . Diolein (OO-) from OOO were produced by hydrolysis in the early stage and then transesterified into SOO. The production rate of oleic acid (OA) was much higher than the consumption rate of SA ( Fig. 1(A) ). The concentration of monoolein (-O-) was the highest in all the acylglycerols. Therefore hydrolysis proceeds more advantageously than transesterification. The reaction was almost in equilibrium after 5h. The intermediate compounds, SO-and OO-, seemed to be changed into SOO, SOS and -O-rapidly so that those concentrations remained low. Figure 2 shows that the effect of SA concentration on the initial transesterification rate at 15 MPa. With an increase in SA concentration, the initial transesterification rate increased until the SA concentration reached the solubility limit (2.4 mM). In the higher concentration than that, the transesterification rate was constant irrespective to the SA concentration showing that the rate was limited by SA concentration in SCCO 2 . 
